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1. INTRODUCTION 

The electrical energy conversion process involves phases like generation, transmission, distribution, 
and consumption. Energy sources are categorized into fossil fuels (coal, oil, natural gas) and renewables (solar, 
wind, hydro, geothermal) [1]. There’s a shift toward renewables due to their sustainability and positive environ- 
mental impacts [2]. Various renewable energy systems have different strengths and weaknesses. Photovoltaic 
(PV) systems use solar panels, wind systems employ turbines, and hydroelectric plants utilize water force for 
electricity [3J-[5]. Each technology varies in energy efficiency, costs, maintenance, longevity, and dependabil- 
ity. Choosing the right technology is crucial, considering local conditions, and objectives in renewable energy 
utilization. 

The escalating global energy shortage has prompted a growing reliance on photovoltaic (PV) systems, 
but their output power remains constrained. To address this limitation, boost converters have gained prominence 
by stepping up the low input voltage to a higher output level, particularly in renewable energy applications. Re- 
searchers have prioritized boost converter design to encompass key considerations such as low cost and high 
reliability. Challenges persist, however, in achieving optimal output while minimizing maintenance require- 
ments. Consequently, these demands and constraints have led to the classification of boost converters based on 
factors like efficiency, voltage gain, and diverse DC-DC converter configurations [6]-8]. Furthermore, opera- 
tional parameters such as elevated temperature ranges and low electromagnetic compatibility emissions must 
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be upheld. This comprehensive review delves into various step-up converter topologies, shedding light on their 
high efficiency, voltage conversion ratios, and soft-switching techniques. It focuses specifically on PV sys- 
tems, encompassing the installation and design of photovoltaic power systems, while exploring advancements 
in power converter technologies to meet the demands of modern solar PV power plants. 


2. PHOTOVOLTAIC POWER CONVERTER TOPOLOGIES 

Solar energy, abundant and continually advancing technologically, has become a leading contender in 
power generation. Solar photovoltaic (PV) systems, converting solar energy into electricity, are gaining popu- 
larity for various scales [9]. Technological progress in semiconductors and power electronics has reduced PV 
system costs, enabling efficient electricity generation and direct grid integration. Connecting to the grid en- 
hances PV power utilization, reduces reliance on batteries, and optimizes cost-effectiveness, while minimizing 
maintenance. 

Figure | illustrates a typical grid-connected PV system’s block diagram. In grid-connected PV sys- 
tems, inverters play a crucial role. Three main inverter types exist: central inverters for large-scale setups, 
string/multi-string inverters for simpler configurations, and module-integrated microinverters for enhanced per- 
formance and fault tolerance [10]. These innovations ensure better efficiency, reliability, and grid integration, 
paving the way for the future of solar energy. 
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Figure 1. Grid-connected PV system 


3. DC/DC POWER CONVERTERS TOPOLOGY 
3.1. Buck converter 

The buck converter Figure 2 is known for its simplicity and high efficiency. Its main purpose is 
to efficiently charge batteries, especially when dealing with unpredictable power outputs from PV systems, 
and it also helps regulate voltage, current, and power for the connected solar panels. However, the con- 
verter’s operation can become more intricate when it switches between continuous and discontinuous modes, 
largely influenced by environmental conditions, which can impact the performance of the connected loads. 
To address these challenges, researchers have explored various modifications and configurations for buck 
converters [LI], (12). 

A reconfigurable switched capacitor circuit adjusts to changing input and output voltages, reduc- 
ing energy loss but potentially increasing switching losses due to extra components. Modulation techniques 
like hybrid pulse width modulation can minimize these losses. Multiphase DC-DC interleaved buck converters 
divide output current among phases, lowering stress on switches and conduction losses. Despite increas- 
ing complexity in PV systems, these advances aim to ensure continuous operation and enhance conversion 
efficiency, optimizing power generation and usage. 


3.2. Boost converter 

Solar PV power generation faces challenges like weather fluctuations and shading, affecting efficiency. 
Integrating a DC-DC boost converter (Figure 3) addresses variable PV panel voltages, ensuring optimal output 
regardless of conditions [15]. By elevating voltages from 12-60 V to over 380 V, this converter is essential for 
energy conversion. Through techniques like pulse-width modulation, it generates higher output DC voltages. 
Ongoing research aims to enhance boost converter performance for consistent and efficient solar PV power 
production. 

Various boost converter topologies have been developed. Conventional boost converters achieve high 
voltage gains but face increased losses with higher duty cycles. Soft-switching step-up converters, utilizing 
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techniques like zero current transition (ZCT), eliminate reverse recovery issues. Coupled inductors and zero 
voltage transition-pulse width modulation (ZVT-PWM) converters reduce losses and ensure voltage regulation. 
Some topologies achieve zero voltage switching (ZVS) and zero current switching (ZCS), reducing losses 
17]. Non-inductive converters provide high voltage ratios, while switched capacitor converters offer efficiency 
at light loads. Inductance-less and multi-level converters enhance potential density. Multiplier/divider and 
modular capacitor coupled boost converters improve efficiency and control. 


wi 76D. "555. — 


PV KH —— 


PV A — 


Figure 2. Buck converter Figure 3. Boost converter 


3.3. Buck-boost converter 

The buck-boost converter Figure 4 presents a solution in comparison to boost converters, encompass- 
ing the entire (I-V) characteristics and minimizing input current ripple during continuous conduction mode 
[18]. Two-switch buck-boost variations offer reduced stress on components relative to single-switch configura- 
tions. An innovative approach involves the two-switch non-inverting buck-boost converter, integrating potential 
for extra current storage and leveraging the MPPT algorithms for enhanced efficiency during heavy loads [19]. 
However, challenges like increased inductor currents and switching losses resulting from buffer region intro- 
duction can impact operational regions. 

Exploring cascade, interleaved, and super-imposed configurations through an AC-DC equivalent cir- 
cuit synthesis method demonstrates improved efficiency, although comprehensive parameter design insights 
may be lacking. Despite challenges, advancements within the buck-boost converter realm continue [20], uti- 
lizing techniques like high-frequency transformers and integration of converter types to enhance efficiency, 
dynamics, and power density across various applications, notably in photovoltaic systems. 


3.4. Cuk converter 

The cuk converter in Figure 5, another prominent topology, offers unique advantages in comparison to 
traditional boost converters [21]. It provides continuous input and output currents, resulting in reduced current 
ripple and electromagnetic interference. This converter can achieve voltage inversion with a single switch, 
facilitating bidirectional power flow. Additionally, its inherent voltage step-down and step-up capabilities make 
it suitable for a wide range of applications [22], [23], including energy storage systems and renewable energy 
sources. However, the cuk converter also comes with challenges, including increased complexity due to its 
unique topology, potential for higher voltage stresses on components, and the need for careful design to ensure 
proper operation and control. Despite these challenges, its versatile performance characteristics continue to 
drive research into optimizing and applying the cuk converter for various power conversion needs. 


3.5. Zeta converter 

The PV zeta converter in Figure 6, a critical component in a stand-alone wind energy conversion 
system. This converter employs a nonlinear control strategy with three regulators [24]. To simplify the control 
system and enhance efficiency, an uncontrolled rectifier is employed alongside the DC-DC zeta converter, 
which acts as the controlled interface between the wind turbine and the battery. The zeta converter is chosen 
for its advantages, including uninterrupted output current, a wide MPPT region, and minimal ripple in both 
input and output currents. It operates in both continuous and discontinuous modes, with the continuous mode 
being the most common. Mathematical formulas governing the design of zeta parameters, highlighting its 
potential in continuous conduction mode and discontinuous conduction mode. Additionally, the modified zeta 
inverter (MZI) topology, a PV-based system using the zeta converter in DCM, capable of stepping up DC input 
voltage and injecting active current into the grid with reduced total harmonic distortion. 
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3.6. SEPIC converter 

SEPIC converters (Figure 7) are designed to minimize voltage ripple. Researchers optimize equivalent 
inductance and capacitance to reduce maximum voltage ripple due to input voltage and load resistance [25]. 
Continuous conduction mode is explored, differentiating between complete-inductor-supply and incomplete- 
inductor-supply modes. Output voltage ripple waveforms, analyzed against equivalent inductance, offer ef- 
ficiency insights [26]. Enhanced designs, like modified SEPIC with extra diode and capacitor, reduce input 
current ripple and act as a preregulator. 

Addressing input current distortion challenges, techniques include harmonic balance to predict device 
resilience against switching stress. Soft switching methods like zero voltage switching (ZVS) and zero current 
switching (ZCS) effectively reduce input current ripple and switching losses. Modifications like quasi-resonant 
circuits maintain zero voltage switching across a wide input-output range. The design integrates resonant 
components, synchronizing inductor voltage with PV output current. Coupled with a gate driver circuit for 
complementary MOSFET inverters, this enhances overall performance. 
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Figure 6. Zeta converter Figure 7. SEPIC converter 


3.7. Flyback converter 

The design of flyback converters Figure 8 entails a focus on optimizing their performance across 
multiple dimensions [27]. Researchers have explored methods to manage input and output voltage ripples, 
critical for achieving high efficiency [28]. Strategies involve adjusting key parameters like duty cycle, switching 
frequency, and transformer turns ratio to achieve the desired output voltage and minimize voltage ripple. 
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Figure 8. Flyback converter 


PV 


Int J Appl Power Eng, Vol. 13, No. 2, June 2024: 499-507 


Int J Appl Power Eng ISSN: 2252-8792 0 503 


The operational modes, continuous conduction mode and discontinuous conduction mode, have been 
analyzed to understand their impact on efficiency, voltage ripple, and system stability. The trade-offs between 
these modes guide design decisions to ensure optimal converter performance. Additionally, investigations into 
the influence of parameters like transformer inductance, load resistance, and control mechanisms have offered 
insights into balancing efficiency and stability [29]. By delving into these aspects, researchers are advancing 
the design of flyback converters to meet the demands of diverse power electronics applications. 


4. INVERTER DC/AC TOPOLOGIES 
4.1. Six-switch controlled converter 

The dominant topology employed as a multi-source converter-grid-side converter (MSC-GSC) in 
power energy conversion applications is the six-switch converter Figure 9. This topology functions as a con- 
trolled rectifier or voltage inverter and has been extensively utilized, as noted in references (30), (31). The 
presence of a DC bus creates a clear separation between the generator and the grid, effectively insulating the 
grid side from any transients occurring on the generator side. Additionally, In order to guarantee the optimal 
functioning of the grid-side converter, it is essential to sustain a net DC bus voltage that exceeds the peak 
line-to-line voltage of the grid [32]. 


4.2. Z-source inverter 

Z-source inverters Figure 10 are unique power inverters designed for electrical energy conversion 
between two voltage sources. Unlike conventional inverters using full-bridge topologies, Z-source inverters 
incorporate a distinctive impedance network, adding extra control to the conversion process [33], [34]. This 
topology includes an inductor and two capacitors arranged in a specific ”*Z” shape. The inductor is in series 
with the DC input voltage, while the two capacitors are in parallel and series with the load. The Z-source 
network is connected to a standard inverter bridge to complete the energy conversion. 

The Z-source inverter offers benefits such as enhanced output voltage and adaptability to variable in- 
put levels, making it suitable for renewable energy systems. It also shows better resistance to electromagnetic 
interference than conventional inverters, leading to improved efficiency. However, challenges include increased 
complexity, higher costs, reduced controllability at high power levels, and concerns about stability and reliabil- 
ity [36]. To overcome these limitations, especially in applications like wind energy systems, advanced control 
techniques may be required. 
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Figure 9. Converter with six switches Figure 10. Z-source inverter 


4.3. Multilevel converters 

Multilevel converters Figure 11 represent an advanced technology for generating multi-level output 
voltages, enabling the use of smaller output filters. These converters find particular relevance in high-power 
applications and large-scale power energy systems, as highlighted in references [37]. In recent times, modular 
multilevel converters (MMC) have attracted considerable research interest due to their ability to cater to the 
requirements of high power and high voltage in various industrial domains [38]. The MMC operates at ele- 
vated voltage levels and stands out by obviating the need for line frequency transformers. Instead, it comprises 
multiple half-bridge converter sub-modules, ensuring enhanced reliability through redundancy. The presence 
of numerous modules within the MMC enables a significant reduction in the average switching frequency, all 
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while maintaining the quality of electrical energy. This modular framework positions the MMC as an appealing 
choice for applications such as medium-voltage drives, high-voltage direct current (HVDC) transmission, and 
flexible electric power transmission systems. The advantages of multilevel converters encompass their modu- 
lar design, increased reliability, reduced switch stress, fault-tolerant operation, generation of quasi-sinusoidal 
output waveforms, and high efficiency. However, it’s important to acknowledge their drawbacks, including the 
complexity associated with control strategies and the requirement for a significant number of measurements to 
ensure the stability of the power conversion system. 


GSC 


Transformer 


DC/AC 
Figure 11. Modular cascaded level converter (MMC) 


4.4. Grid-connected PV based 5-level ANPC inverter 

The 5-level active neutral point clamped (ANPC) inverter Figure 12 represents a significant advance- 
ment in medium-high voltage power electronics conversion technology. In the world of multilevel inverters, 
which provide high-quality stepped output voltage waveforms and low dv/dt stresses, conventional topologies 
like the neutral point clamped (NPC) 5-level inverter have been popular for medium voltage industrial appli- 
cations due to their lower total harmonic distortion and reduced voltage stress compared to 2-level inverters. 
However, these conventional NPC 5L inverters have drawbacks, including the need for multiple DC-link ca- 
pacitors and voltage balancing challenges. 


Phase c| 
>—+ Phase b 
wn Phase a 


A 


t—F—t Fx ||) 
an H 


Figure 12. Photovoltaic energy conversion system based on an active neutral-point clamped (ANPC) inverter 


To address these issues, the ANPC topology, which combines elements of NPC and flying capacitor 
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(FC) designs, has gained attention for its cost-effectiveness, compact size, and simpler design [39]. ANPC 
overcomes the limitations of conventional NPC inverters while maintaining the same number of switches and 
minimizing the number of active and passive components. Various alternative switched capacitor multilevel 
inverter topologies have been proposed to further reduce power electronics and passive components. 


5. CONCLUSION 


The careful selection and integration of photovoltaic (PV) converter topologies are essential for effi- 
ciently and reliably converting solar energy into electricity. This attention to detail in considering the unique 
attributes and performance parameters of PV converters not only enhances the reliability and sustainability 
of our energy systems but also plays a crucial role in the broader context of renewable energy technologies. 
The judicious selection of renewable technologies like solar, wind, and hydroelectric power, based on their 
distinct characteristics, cost-effectiveness, and durability, is fundamental to achieving optimal system perfor- 
mance across varying environmental conditions. Together, these efforts contribute significantly to our pursuit 
of a cleaner and greener energy future. 
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